Posttranscriptional components of the gene expression mechanism of rice tungro bacilliform virus (RTBV) were studied in transiently transfected protoplasts. RTBV translates several open reading frames from a polycistronic mRNA by leaky scanning. This mechanism is supported by the particular sequence features of the corresponding genome region and does not require a virus-encoded transactivator.
The pregenomic RNAs of retroviruses and pararetroviruses can serve as polycistronic mRNAs for the synthesis of a number of viral proteins (33) . Translation of several successive open reading frames (ORFs) from one mRNA is usually very inefficient because only 5Ј proximal ATG start codons are used for translation initiation by the scanning ribosome (19, 29) . In retroviruses, polycistronic translation is accomplished by stopcodon suppression or frameshifting (2, 22) ; in hepadnaviruses, the precise mechanism of translation of the polymerase ORF downstream of the coat protein ORF is still unclear but may involve internal ribosome entry (7), leaky scanning, or both (13, 25) . Caulimoviruses encode a translational transactivator which allows efficient translation reinitiation (4, 14, 20, 36) . The genome organization of the badnaviruses, the second group of plant pararetroviruses, is at first glance very similar to that of the caulimoviruses (5, 21, 23, 30, 31) . All viral ORFs are present on the pregenomic RNA, where they follow a complex leader sequence containing a number of short ORFs (sORFs). The long ORFs are tightly organized, avoiding long intercistronic regions ( Fig. 1 ; see also Fig. 4) . For rice tungro bacilliform virus (RTBV), ORFs I and II and ORFs II and III have overlapping stop and start codons of the ATGA type, with ATG being the start codon of the downstream ORF and TGA being the stop codon of the upstream ORF. Translation of the first RTBV ORF initiates at an ATT codon; this start codon is located downstream of a 690-nucleotide (nt)-long leader sequence and is accessed by ribosomes in a very precise shunt mechanism that bypasses the ATG-rich central part of the leader and also allows a more efficient recognition of the ATT start codon than would occur with a normal scanning mechanism (18) . ORF IV is translated from a subgenomic mRNA that is generated by splicing from the pregenomic RNA; the splice donor is located at RNA position ϩ100, and the splice acceptor is at RNA position ϩ6571 (Fig. 1) (17) . Here we address the question of how the other two RTBV ORFs are translated. Badnaviruses do not encode a protein with sequence homology to the caulimovirus translation transactivator, and therefore it was unclear if their translation mechanisms share any similarity with those of the caulimoviruses. We present evidence that RTBV can express the internal ORFs II and III by a leaky scanning mechanism without the need for a specific transactivator. The mechanism may also hold for the other badnaviruses, all sequenced members of which share with RTBV a bias in the regions of ORFs I and II against the presence of ATG codons which might act as translation initiators.
Constitutive expression of RTBV ORFs I, II, and III. To analyze expression of RTBV ORFs, an ATG-less chloramphenicol acetyltransferase (CAT) ORF was fused in frame to RTBV ORFs I, II, or III under the control of cauliflower mosaic virus (CaMV) transcription signals. Constructs were transiently expressed in protoplasts prepared from a rice (Oryza sativa L.) suspension culture, and CAT activity was measured as described previously (8, 17) . Significant levels of CAT expression were obtained from these constructs, although the CAT ORF starts either downstream of the 690-nt-long ATG-rich leader ( Fig. 1; C1C) , downstream of the leader plus ORF I (coding for a 22-kDa protein; C2C; Fig. 1 ), or downstream of the leader, ORF I, and ORF II (coding for a 12-kDa protein; C3C; Fig. 1 ).
The noteworthy difference between the expression of the downstream ORFs of RTBV as described here and those of CaMV or figwort mosaic virus (4, 20) is that no viral transactivator is required to express the RTBV ORFs. Cotransfection of constructs designed to efficiently express RTBV ORFs I, II, III, or IV had no significant effect on expression of CAT fused to RTBV ORFs I, II, and III ( Fig. 2 ; cotransfection of C3C and an ORF I expression plasmid in the last row; results for other combinations not shown). Likewise, only a small increase of expression was observed upon cotransfection with the CaMVencoded translation transactivator plasmid (Fig. 1) , which activates downstream translation on CaMV-derived and also on nonviral polycistronic RNAs in different types of plant protoplasts (4, 14, 15) . At present, we cannot decide whether the observed increase is due to a translational effect or to a small increase in the RNA levels. Our findings do not exclude the possibility that RTBV proteins might have a regulatory effect in infected plants. Due to the lack of specific antibodies, we cannot determine the expression levels and the types of proteins produced in the transient expression assay and compare them to the situation in a virus-infected plant.
Polycistronic translation by leaky scanning. Expression of the RTBV ORFs from the polycistronic mRNA is only about 8% as efficient as that from monocistronic RNAs (compare C2C and C2CdL1 with C3C and C3CdL12 in Fig. 1 ). This reduction of efficiency is mainly caused by an about eightfoldreduced RNA level observed for polycistronic constructs in comparison with the monocistronic C2CdL1 or C3CdL12 (not shown). The presence of the leader sequence of RTBV pregenomic RNA was not required for expression of ORF II or III ( Fig. 1 ; C2CdL and C3CdL), suggesting that the mechanism that brings ribosomes to the initiation codons of these ORFs is not a modification of the ribosome shunt that allows the bypass of the leader sequence (16, 18) . Also, neither a functional ORF II translation product nor sequences within ORF II between ϩ1364 and ϩ1561 are required for ORF III translation, since a frameshift introduced into ORF II by filling in the XbaI site FIG. 1. Expression of RTBV ORFs I, II, and III. CAT fusion constructs of RTBV ORFs I, II, and III were transiently expressed in rice protoplasts, and CAT expression levels were determined in at least four independent experiments as described previously (17) . Average values (from 4 to 14 experiments; after subtraction of activity values from mock-transfected protoplasts) and observed variations are indicated. (It is noteworthy that constructs C2CdL1 and C3CdL12 produce about eightfold higher RNA levels than the other constructs.) In some cases CAT expression was analyzed in the presence (ϩCaMV TAV) of a cotransfected plasmid encoding the CaMV translational transactivator (pHELP7 in reference 4). The general structure of the expression constructs is shown below a schematic representation of the ORF organization on the RTBV pregenomic RNA in which the positions of the splice donor (SD) and splice acceptor (SA) sites for generation of the ORF IV mRNA and start codons of the ORFs in the RTBV genome relative to the transcription start site at position 7404 are indicated. The numbering follows that of Hay et al. (23) . ORFs with an ATG start codon are shown as shaded boxes, whereas ORFs starting with an ATT codon are shown in white. The leader sequence of the RTBV RNA is indicated as thick line and the sORFs in this sequence are omitted (see Fig. 4 for the distribution of ATG codons in the leader). Restriction sites used for the construction of the expression plasmids are indicated. Expression constructs contain the CaMV 35S promoter (black arrow) and polyadenylation signal (black box). RTBV sequences start at a ClaI site which is located at the transcription start site of the RTBV promoter and continue until either the EcoRI site downstream of the ORF I start codon, the HaeII site downstream of the ORF II start codon, or the PflMI site downstream of the ORF III start codon. At these sites, a start codonless CAT ORF with a 5Ј XhoI site was fused with the help of specific oligonucleotides to the respective RTBV ORFs. Construct C1C is described more precisely as C1C-21 in reference 18. Constructs with deletions upstream of the CAT ORF (indicated as gaps) were produced by deletion of restriction fragments by digestion, blunting, or oligonucleotide insertion and religation: ClaI to BstBI in constructs C1CdL, C2CdL, and C3CdL; ClaI to AflIII in C2CdL1; ClaI to EcoNI in C3CdL12; XbaI to EcoNI in C3Cd2-2; and XbaI to PstI for C3Cd2-1. In C3CXbfi, the XbaI site in ORF II was filled in with Klenow polymerase. All RTBV sequences were derived from the sequenced infectious clone pJIIS2 (23) .
at position ϩ1360 and various internal ORF II deletions had no effect ( Fig. 1 ; C3CXbfi, C3Cd2-1, and C3Cd2-2). In the frameshift mutant, translation of ORF II ends at a stop codon 186 nt upstream of the ORF III start codon. The lack of influence on ORF III translation indicates that the tight ORF organization with the overlap between the stop codon of ORF II and the start codon of ORF III is not required for translation of ORF III.
The expression of ORFs II and III from our constructs could be explained by polycistronic translation or by translation of monocistronic RNAs produced either by transcription from internal promoters or by splicing of the full-length primary transcript. We have not been able to detect such RNAs by a reverse transcription-PCR analysis (not shown), although we had detected other unexpected, spliced RNAs from RTBV (17) and CaMV (27) with this method. Furthermore, the dispensability of the leader for expression of the downstream ORFs at least shows that the splice donor site present at position ϩ100, which is involved in ORF IV expression (17) , is not required for expression of ORFs II and III.
A peculiarity of the RTBV genome sequence suggests polycistronic translation as an explanation for our findings; the 900 nt between the leader and the start codon of ORF III contain only a single ATG codon. This start codon occurs in an unfavorable sequence context and opens ORF II (see Fig. 4 ). In all other regions of the viral genome, ATG codons are about as frequent as expected (i.e., one of every 64 codons for a completely unbiased sequence). The absence of additional ATG codons, even in nontranslated reading phases, is conspicuous and can best be explained by a selective pressure to avoid potential translation start codons in this region of the genome. A credible explanation would be that this particular sequence has evolved to allow a fraction of the scanning complexes that have reached the region downstream of the leader to proceed toward ORFs II and III. This leaky scanning model for translation of RTBV ORFs predicts that introduction of stronger upstream initiation signals would reduce downstream translation. To test this we introduced an ORF I ATT3ATG start codon mutation into C1C, C2C, C3C, and C3Cd2-1. The ATT3ATG mutation caused an increase in ORF I translation of around 15-fold (Fig. 2) , confirming earlier observations (18) . In contrast, ORF II expression was reduced about 13-fold by Fig. 1 for locations of the restriction sites). the mutation ( Fig. 2; C2C-M1) . A similar result was obtained for ORF III expression in C3C-M1 and C3Cd2-1M1 (Fig. 2) . The effect of the mutation of the ORF I start codon on CAT expression was observed only in cis and could not be achieved by cotransfecting C3C and a plasmid expressing an ATG-containing ORF I (C3C ϩ 35S-ORFI; Fig. 2) . Insertion of an in-frame ATG codon into ORF II also led to reduced ORF III translation ( Fig. 2; C3C-M2 ). Out-of-frame ATGs inserted into ORF II had little effect if only a short ORF (e.g., five codons) was created ( Fig. 2 ; C3C-M4) but caused a stronger reduction in ORF III translation when opening a longer ORF (77 codons) ( Fig. 2; C3C-M3 ). Analysis of RNA levels by RNase protection assays showed that the variations in protein expression were not caused by corresponding variations in the RNA levels (Fig. 3A) and therefore are due to a posttranscriptional mechanism.
is shown). 35S-ORF I is a ClaI-BstBI and HaeII-SphI deletion variant of C3C-M1 (see
Conditional reduction of RNA levels. With most constructs, our experiments were repeated more than 10 times over a period of about 2 years, using different batches of protoplasts. In general, these experiments were reproducible; however, with some protoplast batches the expression levels of constructs C3C and C3CXbfi were much lower than usual (not shown). (Because this effect obviously was caused by an unusual feature of the protoplasts, these particular experiments were not included in the values presented in Fig. 1 and 2 .) The low CAT activities in these cases were accompanied by exceptionally low RNA levels (Fig. 3B ) and we therefore assume that the effect is caused by a variation in RNA stability. The effect was never observed with constructs C3C-M1, C3Cd2-1, or C3Cd2-2 ( Fig. 3B and results not shown) , suggesting that the presence, and possibly the translation (compare C3C-M1 and C3C), of certain sequences within ORF II is responsible. RNA-destabilizing sequences have also been found in the gag gene of the related retrovirus human immunodeficiency virus type 1 (HIV-1) where they are involved in regulation of gene expression by viral transactivator proteins (37, 38) . Interference with translation of the HIV-1 gag ORF was found to lead to reduced steady-state RNA levels (32) . It remains to be established whether the destabilizing sequences in RTBV have a similar role or whether our findings represent an artifact of the assay system. It is conceivable that in the complete viral RNA such sequences assume a different structure and have different effects than in our test constructs.
Implications for leaky scanning in the badnaviruses. The data presented here strongly suggest that translation of ORFs from the polycistronic pregenomic RTBV RNA is accomplished by leaky scanning. This mechanism is possible because of the unusual sequence composition of the RNA. The presence of an ATT rather than an ATG start codon for ORF I, besides possibly allowing special control mechanisms for ORF FIG. 3 . Determination of RNA levels. RNA from transfected rice protoplasts was analyzed by RNase A and RNase T 1 mapping as described previously (9, 17) . Constructs are shown schematically below the protection assays. RNAs produced in vivo from the constructs are indicated as wavy arrows, labelled probes are indicated as leftward arrows. The length in nucleotides of the protected fragments is indicated. The short RNA (short-stop RNA [ssRNA]) is caused by 3Ј-end processing at the poly(A) site during the first pass of the RNA polymerase (34) . A similar RNA, although in lower quantities, has been observed for CaMV (35) . Short-stop RNA synthesis is independent of the different sequences located further downstream and therefore can serve as internal control for transfection efficiency and RNA recovery. The position of size marker fragments is indicated by their length in nucleotides, and the positions of the protected RNA fragments is indicated by labeled arrows. (A) RNA was probed with antisense RNAs to the 5Ј leader. The ratio between the endogenous control (ssRNA) and the different CAT-fusion RNAs (leader) is similar for all constructs. Variations reflect random experimental variations and not systematic differences between constructs. (B) RNA was probed with CAT antisense RNA. As an internal control, a plasmid expressing an ORF IV-CAT fusion protein was cotransfected (17) . In the left panel, protection reactions are shown before (Ϫ) and after (ϩ) RNase digestion for each sample; in the right panel, the undigested samples were omitted; the lanes are separated by vertical lines. In these particular protoplast batches, RNA from the full-length ORF III-CAT fusion, C3C, and from some of its derivatives is hardly detectable. Each panel shows the results of a single experiment.
I expression (18) , is important for expression of ORFs II and III further downstream. Consistent with a leaky scanning mechanism for ORFs II and III, mutation of the ORF I ATT start codon to ATG drastically reduced expression of further downstream ORFs. A similar mutation also abolished the infectivity of RTBV (18) . It is peculiar that the 900 nt encompassing ORFs I and II contain only one ATG codon, which opens ORF II. This codon occurs in an unfavorable sequence context, i.e., none of the features known to lead to enhanced translation initiation (purine at position Ϫ3 and G at position ϩ4 [19, 29] ) is present (Fig. 4) . Initiation at this codon is not much more efficient than that at the ATT codon of ORF I. Scanning complexes arriving downstream of the leader would encounter first the ATT codon of ORF I where about 10% would initiate translation (18) . The next known initiation signal would be the ATG codon of ORF II where again only a fraction of ribosomes would initiate and thus a relatively large proportion of ribosomes could continue scanning toward ORF III. A higher CAT activity is obtained from C3C than from C2C. It remains unclear whether this reflects more efficient translation or a higher stability or activity of the ORF III-CAT fusion protein compared to the ORF II-CAT fusion protein. However, the ratio between the activities of ORF II-and III-CAT is very similar for the polycistronic constructs C2C and C3C and the monocistronic constructs C2CdL1 and C3CdL12 (Fig. 1) , indicating that the presence of ORF II upstream of ORF III only slightly reduces the number of ribosomes that reach ORF III and initiate there. The ORF I and II region contains a number of potential non-ATG start codons (i.e., codons deviating from ATG at one position). It is possible that translation is initiated also at these codons; however, such events would probably be rare (reviewed in reference 19) .
It remains to be seen whether the other badnaviruses use a similar expression mechanism. The sequenced members of the group all show a similar lack of ATG codons in the corresponding genome region (Fig. 4) . However, apart from RTBV, ORF I in all cases starts with an ATG codon. The sequence of commelina yellow mottle virus (CoYMV), as initially published (30), even had three ATG codons near the beginning of ORF I, partially in good sequence context. However, according to a recent correction of this sequence, these codons are not in phase with ORF I which starts at an ATG codon further downstream (10) . It is possible that some of the badnavirus ORF I ATG start codons are part of the leader sequence and that the mechanism that allows ribosomes to initiate translation downstream of the ATG-rich leader sequence also leads to a bypass of these codons. For RTBV it has been shown that this mechanism delivers ribosomes to a region at the beginning of ORF I which is defined very precisely (18) . In addition to the ORF I ATG, CoYMV and sugarcane bacilliform virus contain an in-frame ATG codon near the end of ORF I which would open a short ORF containing the last four or six codons of ORF I, respectively. Cacao swollen shoot virus has an additional out-of-frame ATG codon 34 nt downstream of the ORF I initiation codon that opens an ORF of 13 codons (21), and in a different RTBV strain, an ATG in unfavorable sequence context, opening a 31-codon ORF, was found within ORF II (EMBL accession no. D10774 [26] ). sORFs often have a less severe effect on downstream translation since ribosomes apparently reinitiate with higher efficiency after translation of an sORF than after translation of a long ORF (15) . An additional sORF with an ATG codon in a moderate sequence context (G at position ϩ4 but no purine at Ϫ3) inserted into ORF II indeed had only a small effect on ORF III translation (C3C-M4; Fig. 2 ). The sORFs in some badnavirus ORF I and II regions may therefore not have a strong negative effect. Those at the end of ORF I could even be involved in increasing the efficiency of the bypass of the ATG codon opening ORF II, because ribosomes that have translated the sORF may have passed the closely following ORF II ATG before they become fully competent for reinitiation. Such a distance requirement for reinitiation was observed in the case of the yeast GCN4 RNA (1) and for artificial RNAs in in vitro translation (28) . A related function of sORFs in bypassing of other translation initiation sites has also been discussed for Rous sarcoma virus leader sORFs (12) and for hepatitis B virus pol gene expression (13) .
Leaky scanning is a mechanism frequently used to express different proteins from viral RNAs (11, 19) , but usually only ATG codons close to the RNA 5Ј end are involved. RTBV ORF II and ORF III translation is similar to that of the dicistronic tat-rev mRNA of equine infectious anemia virus in which the first ORF (tat) is opened by a CTG initiation codon that allows leaky scanning to the downstream rev ORF (6) . Recently, leaky scanning has been shown to account for the expression of two complete, nonoverlapping ORFs in peanut clump virus RNA 2 (24) and for the expression of two overlapping ORFs on a polycistronic phytoreovirus RNA, in which the second initiation event occurs more than 200 nt downstream of the first leaky ATG codon (39) .
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